a b s t r a c t Despite significant analytical improvements during this last decade, characterizing the whole integrity of monoclonal antibodies during their bioproduction remains a challenge. In this study, we report a new analytical approach to evaluate the overall heterogeneity/integrity of mAbs by LC-MS after combined proteolysis at their lower-and upper-hinge sites using the immunoglobulin-degrading enzymes IdeS and IgdE respectively. The whole sample preparation did not use any harsh conditions such as low pH, high temperature or reductive conditions and enables the splitting of mAbs structure into three fragments, namely the hinge dimer, Fab and Fc/2. Using the NIST mAb reference material, this method was demonstrated to be particularly suited for the analysis of mAbs disulfide bridges. The three fragments as well as their corresponding free sulfhydryl forms were well separated by chromatography and identified online by mass spectrometry. The method was then successfully applied to several mAbs of variable hydrophobicities.
Introduction
Monoclonal antibodies (mAbs) are an important class of protein therapeutics. These large Y-shape proteins contain several levels of structure complexity which must be characterized to ensure their safety, efficacy and manufacturing consistency. Most of these sources of heterogeneities (glycosylation, oxidation, glycation, deamidation, etc.) [1] are usually investigated by MS, following reduction/alkylation of cysteines, at the peptide or protein level. Pairing of cysteines to form disulfide bonds is another structural feature of complexity and IgG1 basically contains 12 intra-chain and 4 inter-chain disulfide bonds. Reduction of disulfide bonds leads to free sulfhydryl groups, which can react to cross-link monomers into undesired covalent dimers and aggregates of higher molecular weight. The free sulfhydryl content of a mAb preparation can also be a good indicator of the presence of unfolded or misfolded species [2] and was demonstrated in one study to be directly linked to mAb stability [3] . As a consequence, free sulfhydryls Abbreviations: Fab, monovalent Fragment-antigen binding; F(ab')2, bivalent Fab; Fc/2, constant fragment of IgG heavy chain; Fd, variable fragment of IgG heavy chain; LC, light chain; IdeS, cysteine protease from Streptococcus pyogenes; IgdE, cysteine protease from Streptococcus agalactiae; IgG, immunoglobulin G; PTMs, posttranslational modifications.
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should be monitored at early stages of process development to improve understanding of its criticality [4] . For this purpose, Ellman's reagent is usually used to report a global amount of free sulfhydryls per mole of protein but fluorescence methods were reported to be more sensitive [5] . Chumsae et al. [6] proposed to label free sulfhydryls with a fluorescent tag and use MS on the intact and digested protein to detect and localize the reduced disulfide bonds. They found antibody-dependent levels of free sulfhydryls in either their constant and variable domains and interestingly they observed that it was rather intra-chain reduced disulfide bonds. Similar results were also found by an alternative method using MS, based on differential cysteine labelling with heavy and light iodoacetic acid [7] . The general presence of low amount of free sulfhydryls was attributed to an incomplete formation of disulfide bonds during antibodies manufacturing while other mechanisms of disulfide bonds degradation were not ruled out [8] . In another study, the same approach was used to assess the susceptibility of IgG disulfide bonds to reduction [9] in progressive reducing conditions. Inter-chain disulfide bonds that are highly exposed to solvent were confirmed to be more reactive than intra-chain disulfide bonds and their susceptibility to reduction was ranked. For several years, middle-up approaches involving the use of specific proteases have been developed [10] [11] [12] in order to characterize post translational modifications (PTMs) and the appropriate sequence of mAbs. LC-MS analysis of mAbs subunits instead of the intact molecule is indeed advantageously used for a better chro- Table 1 . Inset depicts the schematic representation of mAb structure and IdeS-and IgdE-driven fragmentation. The asterisk indicates peaks arisen from the protease preparation. matographic separation of isoforms, a better mass accuracy with lower masses and for rapid positioning of a modification on the constant versus variable region. Thanks to its high specificity and high digestion efficacy in the lower hinge region, IdeS has become the most important enzyme used to cleave human IgGs for analytical purpose [13] [14] [15] [16] . Interestingly, Ren et al. [17] described a limited proteolysis in the upper hinge region using Lys-C followed by a chromatographic separation on diphenyl columns with on-line MS identification to resolve and quantify protein variants containing free sulfhydryls. However, limited proteolysis can be challenging to implement with high robustness and other enzymes cleaving at the upper hinge region (like papain) require slightly reducing conditions to generate Fc and Fab fragments which preclude analysis of free sulfhydryls.
Recently, a new cysteine protease that digests human IgG1 at one specific site above the hinge (. . .KSCDKT/HTCPPCP. . ..) with no need for reducing conditions has been released under the branding IgdE FabALACTICA ® [18, 19] . In this report, we describe the combine use of IgdE and IdeS to generate with high specificity and robustness three mAbs fragments i.e. Fc/2, hinge peptide dimer and Fab that can be further analyzed in non-reducing conditions with diphenyl columns coupled to MS. This improved LC-MS method gives a good chromatographic separation of each fragment and highlights the presence of free sulfhydryls of intra-chain disulfide bonds of Fc/2 and Fab fragments for several antibodies of different hydrophobicities. The method is straightforward with limited sample preparation and can be used routinely to assess critical quality attributes of mAbs and especially free sulfhydryls.
Material and methods

Materials
IdeS (FabRICATOR ® ) and IgdE (FabALACTICA ® ) immunoglobulin-degrading endoproteases were obtained from Genovis AB (Lund, Sweden). NIST IgG1 mAb standard (RM 8671) was purchased from National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA). Dithiothreitol (DTT), iodoacetamide, and phosphate buffer saline (PBS) were obtained from Sigma-Aldrich (Saint Quentin Fallavier, France). Acetonitrile (MeCN) was HPLC reagent grade and purchased from JT Baker (Philipsburg, NJ, USA). Trifluoroacetic acid (TFA) was obtained from Merck Biosciences (Darmstadt, Germany). All the aqueous solutions were prepared using ultra-pure water (18.2 M cm resistivity at 25 • C, total organic carbon (TOC) < 5 ppb).
IgG enzymatic digestions
Formulated mAbs were diluted to 1 g/L using 100 mM phosphate buffer pH 7.0 and digested by IgdE protease at an enzyme-tosubstrate (E/S) ratio of 1/10 (w/w) overnight at 37 • C corresponding to 100 units per 100 g mAbs. According to initial mAbs concentration, the final phosphate buffer concentration was comprised between 50 and 90 mM. The sample was further digested by IdeS protease by incubating 67 units per 100 g mAbs, 1 h at 37 • C.
LC-MS analysis
Separation of the Fc/2, hinge dimer peptide and Fab fragments was carried out on an ACQUITY UPLC system (Waters, Milford, MA, USA) coupled to a UV detector and an electrospray mass spectrometer (SYNAPT G2S, Waters, Milford, MA, USA). 15 g of sample were injected on a Pursuit Diphenyl 150 × 2.0 mm column (Agilent, Santa Clara, CA, USA) equilibrated at 70 • C and operated at a flow rate of 200 L/min. An elution gradient was applied using solvent A (0.1% TFA in water) and solvent B (90% MeCN, 10% water and 0.1% TFA), after an isocratic elution at 10% B for 5 min, B was raised to 38% in 10 min and to 47% in an additional 57 min. The column was then washed for 4 min at 80% of B and further re-equilibrated during 10 min at 10% B. The mass spectrometer was operated in the positive resolution mode and data were recorded from m/z 500-4000. Chromatogram figures were presented as extracted-ion chromatograms from m/z 1200-3500 to improve signal-to-noise ratio. Mass spectra were deconvoluted using the MassLynx software.
Results and discussion
Description of the combined IgdE and IdeS digestion for middle-up analysis of a mAb reference material under non-reducing conditions
In a first attempt, the mAb reference material (NIST RM 8671) was used to evaluate results that can be derived from the combined use of IgdE and IdeS digestion followed by an LC-MS analysis in non-reducing conditions. Fig. 1 . These three components and their major variants were identified by the measurement of their molecular weight by MS with an average mass accuracy better than 20 ppm (see Table 1 ).
The hinge moiety eluting at RT 17.2 min was released as a dimer stabilized by the two C 229 C 229 and C 232 C 232 disulfide bonds and detected as a dicharged protonated species at monoisotopic m/z 1332.6085. No other hinge-related peaks were found, indicating full integrity of the fragment, especially in terms of disulfide bond pairing. The Fc/2 moiety was eluted in the RT range 19-24 min as multiple post-translationally modified variants. The major peak at 20.7 min (peak 4) encompasses glycoforms of an Fc/2 covering the sequence [G 240 -G 449 ] and dominated by two species carrying fucosylated, agalactosylated (G0F) and monogalactosylated (G1F) biantennary structures, identified at average masses of 25,232.2 Da and 25,394.3 Da respectively (see Fig. 2A and Table 1 ). Other minor glycovariants were detected, corresponding to additionally galactosylated forms (G2F and G2F␣Gal). Peak 3 differs from peak 4 by the presence of a C-terminal lysine (+128 Da) and mass of peak 2 exhibits a +18 Da mass difference versus the major form, probably due to an artefactual internal cleavage at D 273 P 274 bond, as described for the reference material [20] . The Fab moiety of the antibody was eluted in the RT range 60-70 min. The major form at 62.9 min (peak 10) exhibits an average mass of 47490.5 Da (see Fig. 2C ) in accordance with the Fab sequence and taking into account the pyroglutamination of the N-terminus glutamine of the HC. A minor glycated form was also detected at 47,652.3 Da, in accordance with the characterization data of this reference material [20] . By exhibiting a mass difference of +18 Da versus the major form, peaks 8 and 9 were also attributed to artefactual internal cleavages of the Fab, one of them probably at the D 88 P 89 bond as described [20] . Finally, with a detected mass of 50,137.4 Da, peak 11 was attributed to a Fab-hinge fragment originating from an incomplete digestion of the IgdE enzyme. In the conditions used for this experiment an IgdE digestion yield of about 95% was consistently achieved. Some interfering peaks eluting in the RT range 35-50 min, were attributed to the IgdE enzyme with MW measured at about 70 kDa.
The chromatographic separation on a diphenyl column displays an interesting selectivity toward species differing by the reduced or non-reduced state of their disulfide bonds. In our experiment, partially reduced forms of both the Fc/2 and Fab fragments, eluting later than their native counterparts, were evidenced as two minor isoforms of the Fc/2 at RT of 23.2 and 23.9 min (peaks labeled as 5 and 6) and of the Fab at RT of 65.2 and 66.3 min (peaks 12 and 13). All these partially reduced isoforms contain one single reduced S S bond as deduced from their mass spectra that present both a +2 Da mass shift and a shifted charge state envelope toward lower m/z versus the native form (see Fig. 2B and D) . This latter observation is in accordance with the general knowledge stating a loss of compaction of a protein upon internal disulfide bond reduction, leading to additional basic amino acids accessible for protonation during the ESI process. The observation of multiple reduced forms at different RT suggests the presence of distinct conformers differing by the respective position of their reduced disulfide bond. Interestingly, mass spectra of these reduced forms display additional +32 and +48 Da shoulders assumed to be due to a combination of cysteines presenting various oxidation states i.e. most probably sulfenic and/or sulfinic forms. For information, the chromatographic separation using classical C4 sorbent was also tested but demonstrated lower performance for the same gradient (see supportive Fig. S1 ) with reduced conformers that were hardly separated from the native form and evidenced after mass deconvolution.
Despite a good mass accuracy confirming a +2 Da mass shift, an S-alkylation of the sample was conducted using iodoacetamide as a control. It led to a complete disappearance of all partially reduced forms, followed by the appearance in similar intensity of peaks corresponding to their bi-S-alkylated counterparts and characterized by a +114 Da mass shift (see supportive Fig. S2 ). As a consequence, the whole mAb integrity and particularly the oxidative state of inter-chain and intra-chain disulfide bonds can be easily and rapidly investigated by this approach. Although MS detection overestimates these partially reduced isoforms because of a better ionization versus their native counterparts, free sulfhydrylscontaining isoforms were estimated at about 6.5% for the Fc and 6.1% for the Fab of the NIST RM (see supportive Table S1 for comparison of MS and UV detection).
Performance study of the analytical approach
IdeS has been extensively used for mAbs characterization in the last few years demonstrating its ability to operate with high digestion yields with a robust and easy sample preparation [15] . Similarly, the digestion performance of the new IgdE enzyme was investigated.
As illustrated previously with the NIST RM, a digestion yield of about 95% (based on MS intensities) was commonly achieved with an IgdE-to-mAb ratio of 1/10 (w/w) in presence of 90 mM phosphate buffer pH 7.0 and during 16 h at 37 • C. By lowering the IgdE-to-mAb ratio to 1/20 (w/w), in order to reduce the intensity of enzyme derived interfering peaks, the digestion yield decreased to about 90% and even less, with significant appearance of the Fab-hinge intermediate fragment eluted at 64.3 min. Different concentrations of the diluting phosphate buffer were also tested using the E/S ratio of 1/10 (w/w). At 10 mM, results were worse with an increase of Fab-hinge and appearance of F(ab') 2 fragments, for an estimated digestion yield of 74%. This result indicates that the final concentration of phosphate buffer is critical for optimal digestion. Digestion efficiencies with high recoveries were reproducibly obtained using buffer final concentrations close to 100 mM (see supportive Table S2 ). For optimal analytical performance, it should thus be advised to carry out the IgdE digestion in a fixed phosphate buffer concentration as high as 150 mM, as illustrated by the digestion conditions used for the definition of one unit by Genovis AB (see information on website).
Secondly, we evaluated the performance of the method for several IgG1 mAbs differing by their respective pI and hydrophobicity profiles, theoretically calculated using the GPMAW lite tool from the Expasy website (PI ranging from 8.53 to 9.25 and H index from −0.37 to −0.44). Fig. 3 shows the chromatographic profiles obtained for four mAbs named A to D. The digestion efficiency and cleavage specificity were comparable for all four mAbs. As expected, Fc/2 and hinge dimer fragments were eluted at the same RT range and exhibited very close profiles with few differences for the Fc/2 moiety, mostly attributed to relative proportions of oxidation, C-terminal lysine and free sulfhydryls. The Fab moieties and their respective isoforms eluted at different RT because of the intrinsic hydrophobicity of their variable domains. These results confirmed that the structure/sequence of the Fab region does not seem to be ratelimiting for the digestion by IgdE and that common formulation excipients such as polysorbate and amino-acids do not disturb the digestion efficiency. Interestingly, free sulfhydryls corresponding exclusively to intra-chains disulfide bridges were detected at different levels for all four mAbs i.e. from 9 to 13% for the Fc domain and from 2 to 14% for the Fab domain. These differences may originate from the manufacturing process used for each mAb [6] . This hypothesis was also supported by study from Chung et al. [8] , who attributed mAb inter-or intrachain disulfide bond reductions to some upstream/downstream process steps, for instance, during the harvest process due to some reducing enzymes. Finally, we also tested the ability of the method to detect inter-chain reduced disulfide bonds by analyzing the NIST RM under slightly reducing conditions. Fig. 4 shows the resulting chromatograms after incubation with 0, 0.01 and 0.1 mM DTT in the sample preparation with a focused view on the hinge dimer and Fc/2 elution region. Increasing the DTT concentration resulted in the appearance of free LC as well as hinge peptide monomers as a consequence of the most solvent-exposed inter-chain disulfide bond reduction. It should also be noticed that reduced intra-chain disulfide bonds were also increasing slightly in intensity. Interestingly new peaks related to the hinge fragment appeared and were identified by MS as the result of a partial truncation of the N-terminal "His-Thr" dipeptide (see peaks 2, 3, 5 and 6). This observation was confirmed by the MS spectrum of the Fab peak, which showed a progressive shift of the average molecular weight of the Fab fragment from 47,490.3 Da to 47,728.5 Da (see supportive Fig. S3 ), corresponding to a mass increase in accordance with the presence of the His-Thr dipeptide at its complementary C-terminal end. This result demonstrates a loss of IgdE specificity when digesting in a reducing environment with at least the presence of a second cleavage site. But the use of the IgdE enzyme should not be affected by this result since its best attribute is indeed to be active and highly specific in non-reducing conditions. 
Conclusions
Analyzing the integrity of disulfide bridges by non-reducing peptide mapping is often very time-consuming and difficult to implement routinely. In this study, we introduced the use of a new enzyme (IgdE) that cleaves mAbs with high specificity at their upper hinge region in non-reducing conditions to investigate their disulfide bridge oxidation state. The use of a combined digestion with IdeS and IgdE provide three fragments, i.e. the hinge dimer, Fc/2 and Fab that are easily resolved by RP-HPLC coupled to MS. This method is easy to use, generic for mAbs and presents the advantage to deal with the whole complexity of a single mAb molecule by generating three well separated smaller and less heterogeneous fragments. Besides a direct application to the detection of intraand inter-chain free sulfhydryls, this combined digestion could be promising to investigate other mAbs quality attributes.
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